Growth rate and gain of SBS considering the reduced Landau damping due to particle trapping has been proposed to predict the growth and average level of SBS reflectivity. Due to particle trapping, the reduced Landau damping has been taken used of to calculate the gain of SBS, which will make the simulation data of SBS average reflectivity be consistent to the Tang model better. This work will solve the pending questions in laser-plasma interaction and have wide applications in parametric instabilities. PACS numbers: 52.38.Bv, 52.35.Fp, 52.35.Mw, 52.35.Sb Backward stimulated Brillouin scattering (SBS) is a three-wave interaction process where an incident electromagnetic wave (EMW) decays into a backscattered EMW and a forward propagating ion-acoustic wave (IAW), which will lead to a great energy loss of the incident laser and is detrimental in inertial confinement fusion (ICF) [1] [2] [3] . In the indirect-drive ICF [2, 3] or the hybrid-drive ignition [1, [4] [5] [6] , CH was chosen as the standard ablator material for ICF ignition capsules due to its low atomic number, high density, and a host of manufacturing considerations. Thus, the inside of hohlraum will be filled with low-Z plasmas, such as H or CH plasmas from the initial filled material or from the ablated material off the capsule.
Growth rate and gain of SBS considering the reduced Landau damping due to particle trapping has been proposed to predict the growth and average level of SBS reflectivity. Due to particle trapping, the reduced Landau damping has been taken used of to calculate the gain of SBS, which will make the simulation data of SBS average reflectivity be consistent to the Tang model better. This work will solve the pending questions in laser-plasma interaction and have wide applications in parametric instabilities. Backward stimulated Brillouin scattering (SBS) is a three-wave interaction process where an incident electromagnetic wave (EMW) decays into a backscattered EMW and a forward propagating ion-acoustic wave (IAW), which will lead to a great energy loss of the incident laser and is detrimental in inertial confinement fusion (ICF) [1] [2] [3] . In the indirect-drive ICF [2, 3] or the hybrid-drive ignition [1, [4] [5] [6] , CH was chosen as the standard ablator material for ICF ignition capsules due to its low atomic number, high density, and a host of manufacturing considerations. Thus, the inside of hohlraum will be filled with low-Z plasmas, such as H or CH plasmas from the initial filled material or from the ablated material off the capsule.
It is one of the key issues for the success of laser fusion to control backward SBS. Many mechanisms for the saturation of SBS have been proposed, including increasing linear Landau damping by kinetic ion heating [7, 8] , frequency detuning due to particle trapping [9] , coupling with higher harmonics [10, 11] , the creation of cavitons in plasmas [12] [13] [14] and so on. One of the pending questions in laser-plasma interaction is the discrepancy between the theoretically predicted reflectivity and the experimentally observed reflectivity. [15] SBS reflectivity is directly proportional to the IAW amplitude, and SBS driven IAW behaves in a nonlinear way, such as particle trapping and harmonic generation. Particle trapping may produce a non-Maxwellian distribution, reducing Landau damping of IAW [16] and potentially eliminating the higher IAW damping of the multi-ion species plasmas. Therefore, it is not applicable to predicting SBS reflectivity in experiment by the traditional linear growth rate and gain of SBS taking use of only the linear Landau damping, where the particle trapping is not considered and the Maxwell distribution is assumed. On the other hand, harmonic generation will dissipate the energy of fundamental IAW mode to harmonics, which will induce an efficient damping to decrease the growth rate of SBS. [17, 18] However, when the harmonic amplitude is large, the pump depletion will be obvious, thus the SBS will be saturated mainly due to pump depletion.
In this Rapid Communication, we report the first demonstration that the growth rate and gain of SBS considering the nonlinear Landau damping of IAW due to particle trapping will be consistent to the simulation results better. This model considering the nonlinear Landau damping will give a good explanation of why the reflectivity in experiment or simulation was higher than the prediction of Tang model [19] , where Berger et al. [15] modeled the weakly damped data with a "speckleenhanced" G = 2G(I 0 ), twice the calculated gain. This Rapid Communication will show that the Landau damping will decrease with time due to particle trapping, thus the simulation data will be modeled well with gain of SBS considering reduced Landau damping due to particle trapping.
The IAW frequency is much lower than that of SBS scattering light. Thus, the wave number of IAW excited by backward SBS is k A λ De ≃ 2k 0 = 2 vte c n c /n e − 1, where k 0 is the wave number of pump light, v te = T e /m e is the electron thermal velocity, n e , T e , m e are the density, temperature and mass of the electron. Assuming fully ionized, neutral, unmagnetized plasmas, the linear dispersion relation of the ion acoustic wave in multi-ion species plasmas is given by [20] [21] [22] 
where χ j is the susceptibility of particle j (j = e, H, C).
And ω = Re(ω) + i * Im(ω) is complex frequency. 
Landau damping −Im[ω]/Re
[ω] of the fast mode and the slow mode in CH 4 , C 5 H 12 , C 2 H 4 and C 2 H 2 are given as shown in Fig. 1 . There exist two groups of modes called "fast mode" and "slow mode" in multi-ion species plasmas as shown in Fig. 1 . Here, the fast mode refers to the mode with phase velocity larger than the thermal velocity of each species, and the slow mode refers to the mode with phase velocity close to the thermal velocity of light species ions as shown in Fig. 1(a) . When T i /T e < ∼ 0.2, the Landau damping of the fast mode is lower than that of the slow mode, thus the fast mode is the dominated mode. When T i /T e > ∼ 0.2, the Landau damping of the slow mode is lower than that of the fast mode, thus the slow mode is the dominated mode. In this Rapid Communication, T i /T e = 0.5 is chosen as the typical parameter since T i approaches T e /2 at the peak laser power in ICF ignition experiments [23] . With the ratio of C to H increasing, i.e., from CH 4 , C 5 H 12 , C 2 H 4 to C 2 H 2 , the Landau damping of the slow mode will decrease.
A one dimension Vlasov-Maxwell code [24] is used to research the SBS nonlinear growth rate and gain when the trapping and harmonic generation processes are considered. The electron temperature is T e = 5keV and electron density is n e = 0.3n c , where n c is the critical density for the incident laser. The electron density is taken to be higher than 0.25n c , thus the stimulated Raman scattering [25] and two-plasmon decay instability [26, 27] are excluded. The CH 4 , C 5 H 12 , C 2 H 4 , C 2 H 2 plasmas are taken as typical examples since they are common in ICF [1, 3] . The ion temperature is T i = 0.5T e and the slow mode will be excited and dominate in SBS. The linearly polarized pump laser intensity is I 0 = 3×10 15 W/cm 2 and Figure 2 gives the distribution functions in C 2 H 4 plasmas at different time points and the reflectivity of SBS in C 2 H 4 and C 5 H 12 plasmas. Taking C 2 H 4 plasmas as an example, the absolute value of slope of distribution function around the phase velocity will decrease with time due to particle trapping as shown in Figs. 2(a) and 2(b). Since the Landau damping is proportional to the slope of distribution function at the phase velocity, the Landau damping will decrease through particle trapping with time increasing. The theoretical growth rate of the SBS scattered light in homogeneous plasmas is given by [28, 29] 
where γ 0B = 1 4 ne nc v0 vte √ ω 0 ω A is the maximum temporal growth rate of SBS [15, 30] , v 0 = eA 0 /m e c is the electron quiver velocity. v gs , v gA are the group velocity of SBS scattering light and IAW. The damping rate of the backscattered light ν s is negligible since it is much lower than the IAW Landau damping ν A , i.e., ν s ≃ 0. The simplified expression of the nonlinear IAW Landau damping is given by [31] [32] [33] 
where ν A (0) is the linear Landau damping of IAW, ω B (t) = eE x (t)k A /m e is the bounce frequency of electrons. As shown in Fig. 2(c) , the linear growth of SBS reflectivity includes about three process: in stage I, the SBS grows with a low growth rate, the growth rate of SBS in C 5 H 12 plasmas is γ s1 = 3.18 × 10 −5 ω 0 and that in C 2 H 4 plasmas is γ s1 = 5.27 × 10 −5 ω 0 from the start time t s1 ≃ 7.5 × 10 3 ω −1 0 . The growth rate of SBS reflectivity in C 2 H 4 plasmas is higher than that in C 5 H 12 plasmas is due to the lower Landau damping in C 2 H 4 plasmas. In stage II, the SBS will increase with a very large growth rate from t s2 ≃ 3 × 10 4 ω −1 0 . In C 5 H 12 plasmas, γ s2 = 8.69 × 10 −5 ω 0 and in C 2 H 4 plasmas, γ s2 = 1.08 × 10 −4 ω −1 0 . In stage III, the SBS growth rate will decrease and the SBS reflectivity will saturate after stage III. Stage I and stage II can be explained by the decrease of Landau damping of IAW due to particle trapping, and stage III is as a result of pump depletion and harmonic generation, which will be discussed below in detail.
As shown in Figs. 3(a) and 3(b) , at the early time such as ω 0 t = 2 × 10 4 , only the fundamental mode appears and the harmonics will appear in the later time such as ω 0 t = 6 × 10 4 . From Figs. 3(c) and 3(d), there exist three processes of linear growth of the fundamental mode. In stage I, only the fundamental mode exists and no harmonics develop. Therefore, only the particle trapping plays a role as the nonlinear effect on the growth rate of fundamental mode. In stage II, the second and the third harmonics will increase with time, however, the amplitudes of harmonics are very low. Thus, the harmonic effect on the growth rate of |E x | is not obvious. The main nonlinear effect on growth rate of |E x | is due to particle trapping. After stage II, the nonlinear Landau damping of IAW due to particle trapping will decrease to nearly zero, as a result, the particle trapping can no longer determine the growth rate of |E x |. Thus, with the harmonic increasing, the efficient damping of IAW from harmonic generation will increase and the growth rate of |E x | will be lower and lower. In stage III, the harmonics especially the second harmonic will saturate and no longer increase, thus the efficient damping of IAW due to harmonic generation will no longer increase and the growth rate of |E x | will keep constant with a low value γ ′ s3 . At the same time, SBS reflectivity reaches to a large level, thus the pump depletion will make the SBS saturation. Figure 4 gives the time evolution of E x , nonlinear Landau damping of slow mode ν A and growth rate considering nonlinear Landau damping γ tn in C 5 H 12 and C 2 H 4 (2) by considering nonlinear Landau damping. Comparing the growth rates of SBS reflectivity γ s1 , γ s2 calculated from Fig. 2(c) with the theoretical growth rate considering nonlinear Landau damping due to particle trapping, one can see that the simulation results are close to the theoretical curve. In the same way, the growth rates of |E x | 2 calculated from Fig. 3 (c) and 3(d) are also consistent to the theoretical curve. Where γ ′ s labelled in Fig.  4(d) is the growth rate of energy of electrostatic field |E x | 2 , i.e., γ ′ s = [ln(|E end x | 2 )−ln(|E start Figs. 3(c) and 3(d) . These results illustrate that the growth rates in stage I and stage II will be mainly affected by particle trapping. However, in stage III, the growth rate will be lower than the theoretical curve considering nonlinear Landau damping only due to particle trapping (not shown in Fig. 4 ). After stage II, particle trapping will make the Landau damping to be nearly zero, the harmonic generation will induce an efficient damping and the pump depletion will occur, which will make the growth rate lower as explained in Fig. 3 .
Furtherly, the gain is calculated by considering the linear Landau damping of IAW and nonlinear Landau damping of IAW due to particle trapping as shown in Fig. 5 . Since the pump light meets with the seed light at t 0 = 500ω −1 0 , the Landau damping before t 0 = 500ω −1 0 can be thought as the linear Landau damping ν L A due to very low amplitude of IAW. Among the spatial scale L x = 1000c/ω 0 , the average time point of pump light interacting with the seed light is at t = 750ω −1 0 . Therefore, t = 750ω −1 0 can be taken as a time point to calculate the nonlinear Landau damping and gain considering nonlinear Landau damping. From Eq. (3), ν A (t = 750ω −1 0 ) in different species plasmas can be obtained as shown in Fig. 5(a) . The gain of SBS by fluid theory is given by
Under the strong damping condition ν A /γ 0B * v gs /v gA ≫ 1 [34] , one can get the Tang model [19] :
where R is the reflectivity of SBS at the left boundary, and ε is seed light at the right boundary. Pump depletion has been considered in Tang model. If R ≪ 1, the Tang model can be approximate to the seed amplification equation:
The gain of SBS can be obtained by considering the linear Landau damping of IAW ν L A and nonlinear Landau damping of IAW at ω 0 t = 750 ν A (t = 750ω −1 0 ), which are labelled as G L B and G N B respectively as shown in Fig.  5(b) . When only the linear Landau damping of IAW is considered, the points by the Vlasov simulation are not consistent to the theoretical curve, especially when the gain is large, such as in C 5 H 12 , C 2 H 4 , C 2 H 2 plasmas. However, when the nonlinear Landau damping is considered, the SBS gain from simulation will be revised to G N B (t = 750ω −1 0 ). And the points from Vlasov simulation are consistent to the theoretical curve of Tang model by considering nonlinear Landau damping due to particle trapping. These results may give a good explanation of why the SBS reflectivity in experiments is always larger than the linear theory prediction.
In conclusions, growth rate and gain of SBS are proposed by considering the nonlinear Landau damping of IAW due to particle trapping. The simulation results are consistent to the theoretical analyses. Due to particle trapping, the Landau damping will decrease with time. The early SBS growth rate is mainly affected by the particle trapping, while in the later time, the harmonic generation and pump depletion will play a main role in reducing the SBS growth rate. When nonlinear Landau damping of IAW due to particle trapping is considered, the modified growth rate and gain of SBS can predict the SBS average reflectivity more accurately, which will have a wide application in the field of parametric instability in ICF experiment.
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